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Two concentrates (MELK and VEM) with two different carbohydrate compositions were
supplemented during milking in an Automatic Milking System (AMS). The objectives of this
study were to estimate the effect of the concentrates on CH4 emission from dairy cows and to
investigate the precision of the CO2-method when measuring in an AMS for different length of
time. Holstein cows (n¼36) were used with mean body weight of 660 kg (SD¼75.13) and
average milk production of 31.7 kg (SD¼8.98), mixed parity and mixed lactation. Cows were
allocated in two groups (n¼18). After an adaptation period (period 1), each group received
either 100% MELK (More Energy Lactating Cows; a newly introduced feeding system) or 100%
VEM (Feed Value System for milk production) during periods 2 and 3. Besides, both groups
were fed the same Total Mixed Ration (TMR) ad libitum in the stable. Air samples in the AMS
from a point near the cows head were analysed every 20 s using the Gasmet equipment based
on Fourier Transform Infrared (FTIR) Spectroscopy Technique. The equipment ran continuously
for 15 days over the three measurement periods (5 days3 periods) with a 14 days waiting
time in between the periods. Individual records of the CH4 and CO2 concentrations in the cows
breath was calculated after subtracting the CH4 and CO2 concentrations in the stable air from
the measured concentrations. The CH4:CO2 ratio was then multiplied with the calculated total
CO2 production by the individual cows to get the quantitative CH4 production. Milk production
and total dry matter intake (DMI, kg/day) were very similar in the two groups. The
supplemented concentrate was allocated according to the individual milk yield and the intake
ranged from 1.60 to 7.30 kg/day in MELK cows and from 2.06 to 7.20 kg/day in VEM cows. No
significant difference was found for CH4 production in MELK and VEM groups over the three
periods. A linear positive relation between the CH4 (g/day) and energy corrected milk (ECM,
kg/day) production and the feed intake (DMI, kg/day) was observed for the entire period. The
calculated CO2 and CH4 production were very similar in the two groups throughout the entire
measurement period. The analysis of the precision of the CO2-method, using a 95% significance
level, indicated that showing a difference of 9 or 5% in methane production requires a
measuring period of 5 or 15 days, respectively, when using 18 cows per group. The study shows
no effect of a limited change in supplementation of starch and sugar on CH4 production
through feeding concentrates MELK or VEM in the AMS. To obtain an effect of changing the), jom@sund.ku.dk (J. Madsen).
BY-NC-ND license.
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the diet is necessary. This can only efficiently be done by changing the TMR part of the diet.
& 2014 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Methane emissions by the ruminant animals are not
only an environmental hazard but represent also a loss of
energy from the animal. Globally, 287 Mt of CH4 are
annually released from anthropogenic sources, about 50%
of which is from agriculture, and the largest biogenic
source of CH4 is enteric fermentation from ruminant live-
stock (EPA, 2008). Methane is a natural end product of
rumen fermentation. It arises as a result of anaerobic
digestion of feed and the removal of hydrogen from the
rumen by methanogens. Methane emission from ruminant
depends on the diet composition and quantity of feed
consumed (Johnson and Johnson, 1995). In dairy cows, the
CH4 energy loss (% of gross energy intake) is about 5.3–
6.1% (Benchaar et al., 2013; Hassanat et al., 2013). Efficient
dairy production is characterized by high milk production
per cow and aims at efficient conversion of feed energy
and nutrients to human-edible food, such as milk and
meat. This includes efforts to reduce the loss of energy by
CH4 release. Recently, several authors have reviewed a
number of strategies to mitigate enteric CH4 production
such as the use of nutritional strategies and genetic
modifications in order to change the rumen microbial
biodiversity (Martin et al., 2008; Beauchemin et al.,
2009; Gerber et al., 2013). At the time being, it seems that
the most promising approach for reducing methane emis-
sions from ruminants is by improving productivity and
efficiency through better nutritional management
(Steinfeld et al., 2006; Gerber et al., 2013). Among nutri-
tional strategies, high concentrate and lipid supplementa-
tion is considered most effective in lowering CH4
production per unit of energy intake (Johannes et al.,
2011). The biological mechanism is to shift rumen fermen-
tation towards propionogenesis, whereas fibrous diets
result in a preferential production of acetate, butyrate,
and CH4. Feeding of high yielding dairy cows aiming at
maximizing milk production often results in high-starch
diet. Rapidly degradable starch supplementation leads to a
drop in acetate-to-propionate ratio with an ultimate result
of reduced methane (Plaizier et al., 2008). Several studies
have investigated the effect of different sources of carbo-
hydrate on methane emission (Hristov et al., 2013), but
few have examined the possible effect of changing the
composition of concentrate allocated to cows in the Auto-
matic Milking System (AMS) where only limited amount of
concentrate can be fed. It is hypothesized that feeding
starch rich concentrate in the AMS would be effective to
reduce methane. A new feed planning system for dairy
cows (MELK) has been developed in The Netherlands to
substitute the old system (VEM). The new system should
favour propionate production, thereby reducing the
methane production in the rumen. In addition, there are
now a number of methods in focus to estimate the CH4production from ruminants e.g. traditional respiration
chamber method (Blaxter and Clappert, 1965) and SF6
tracer technique (Johnson et al., 1994). These methods
have different pros and cons. Some methods, for instance
respiration chamber, can measure with high accuracy but
only on few animals and not in their natural environment.
Other methods as the CO2-method newly developed by
Madsen et al. (2010) can measure on many animals and
give the opportunity to evaluate the variation between
animals and differences between diets in practice with a
reasonable precision. The CO2-method is a pertinent
technique for measuring on many animals and evaluating
differences between feeds. Therefore, the objectives of this
study are (i) to investigate the effect of changing the
starch, sugar and fibre content on methane emission and
milk production using two concentrates MELK and VEM
fed in an AMS and (ii) to investigate the precision of the
CO2-method when measuring in an AMS for different
lengths of time.
2. Materials and methods
2.1. Experimental design, animals and housing
Holstein-Friesian dairy cows (n¼36) with an average
body weight of 660 (SD¼75.13) kg and an average milk
yield of 31.7 (SD¼8.98) kg/day were selected from a
private dairy farm (Dalfsen, The Netherlands) for this
study. The cows were initially selected as 18 pairs based
on age, parity, daily milk production, body condition and
average methane excretion per day. Cows from each pair
were randomly assigned into two groups. During a first
period, each group received 50% of each concentrate. From
day 18th, one group was fed MELK concentrate; the other
was fed VEM concentrate. Animals were housed in a closed
housing system fitted with one AMS.
2.2. Diets, experimental period and feeding
Both groups were fed the same Total Mixed Ration
(TMR) ad libitum in the stable and two different concen-
trate mixtures in AMS named MELK and VEM (Tables 1
and 2). MELK stands for “More Energy Lactating Cows”
and is a new feeding system for high yielding dairy cow in
the Netherlands. VEM is the “Feed Value System”, con-
sidered to be a traditional feeding system which has been
used in the Netherlands in the last few decades. TMR was
supplied to all cows in the stable two times a day. The
concentrates MELK and VEM were automatically supplied
during the milking in AMS. The amount of fed concen-
trates was based on the daily milk yield of individual cows
controlled by “The dynamic feeding system” developed by
Agrovision©. The experiment was divided into three per-
iods, each of 5 days duration, with 14 days waiting time in
Table 1
Ingredients of Total Mixed Ration (TMR) and the concentrates MELK
and VEM.
TMR (% of dry matter) Concentrates (% of DM)
Ingredients Ingredients MELK VEM
Grass silage 43.02 Sugar beet pulp – 31.4
Maize silage 39.85 Palm kernel expeller – 17.4
Grass seed hay 2.80 Citrus molasses 10.0 10.0
Brewery grain 7.30 Rapeseed expeller – 9.1
Unimix 922a 6.64 Soya hulls 14.8 8.1
Univit Mobielb 0.26 Wheat 6.3 5.7
Calcium carbonate 0.13 Rapeseed meal 16.1 5.1
Cane molasses 10.0 5.0
Rapeseed meal 9.0 3.5
Soya meal – 2.6
Premix 2.3 1.6
Urea 0.3 0.3
Vegetable oil 0.2 0.2
Maize 31.1 –
a Rapeseed meal and soya meal (1/2% each).
b Minerals and vitamins mix.
Table 2
Chemical composition and nutritive values of TMR the concentrates
MELK and VEM.
Chemical composition TMR (% of dry
matter)
Concentrates
(% of dry
matter)
MELK VEM
Dry matter (% of fresh feed) 47.3 86.3 85.8
Crude protein 12.1 17 17.1
Crude fat 2.8 3.7 3.9
Crude fibre 25.3 11.2 14.4
Ash 6.2 6.5 6.9
Sugar 5.8 7.6 11.9
Starch 11.48 29.66 6.27
ADF 26 16 22
NDF 45.1 20.7 30.8
Lignine 2.4 3.2 3.9
Calcium 0.48 0.84 0.81
Phosphorus 0.31 0.39 0.37
Nutritive values
EFOS (% of organic matter) 71.4 94 91.7
Buffer solubility (% of crude
protein)
51.2 21.0 25.5
Digestible energya, MJ/kg DM 13.42 16.5 16.2
Metabolizable energyb, MJ/kg
DM
10.74 13.2 13.0
Scandinavian Feed Unitsc,
SFU/kg DM
0.87 1.22 1.19
ADF¼acid detergent fibre.
NDF¼Neutral detergent fibre.
DM¼dry matter.
EFOS¼enzyme solubility of organic matter.
a Digestible energy¼24.237digestible crude protein (kg/kg DM)þ
34.116digestible crude fat (kg/kg DM)þ17.300digestible carbohy-
drate (kg/kg DM)0.766 sugar (kg/kg DM).
where
Digestible organic matter for TMR (%)¼0.204þ0.727 EFOS.
Digestible organic matter for concentrate (%)¼5.38þ0.867 EFOS.
(Weisbjerg et al., 2007).
Digestible crude protein (kg/kg DM)¼(0.93% crude protein in
DM3)/100.
Digestible crude fat (kg/kg DM)¼(0.96% crude fat in DM1)/100.
Digestible carbohydrate (kg/kg DM))¼(% digestibility of organic
matter/100) (100% crude ash in DM)/100digestible crude
proteindigestible crude fat.
b Metabolizable energy¼Digestible energy0.80.
c Scandinavian Feed Units¼0.369þ0.0989Digestible energy
0.347crude fibre (kg/kg DM).
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supplied both of the concentrates MELK and VEM (50%
of each), whereas in periods 2 and 3, 100% MELK or VEM
were allocated separately according to the groups.
2.3. Gas measurement
Methane and CO2 from the cows were analysed using
a continuous gas analyser Gasmet DX-4030 (Gasmet™, 2010)
based on Fourier Transformed Infrared Radiation. Three days
prior to each measurement period, Gasmet was installed to
the Delaval AMS to ensure the correctness of measurements.
The inlet filter of the Gasmet was fitted on the feeding pen of
AMS in order to get concentrated breath sample from cows.
The breath sample passes through the filter and thereafter
through Gasmet analyser to determine the concentrations of
CH4 and CO2. The measurements were performed every 20 s
over 24 h for the entire 5 days experimental periods. The
methane production for the individual cows was based on
the methane–carbon dioxide ratio (CH4:CO2) when the
specific cow was in the AMS. Each cow was visiting the
AMS at least two times a day (2.6 times in average), with an
average milking time of 6 min. The individual methane
production was calculated based on 2947106, 236774
and 266788 (mean7SD) observations per cow during
period 1, 2 and 3, respectively. Before the first measurement
in each periods, Gasmet was calibrated with standard gas to
check the accuracy of the measurement. During period 1,
Gasmet was stopped for 10 min each day to get the stable
concentration of CH4 and CO2. This concentration of CH4 and
CO2 was subtracted from the measured concentration to get
the real breath concentration of CH4 and CO2. Remote
monitoring of the measurements was performed via internet
using TeamViewer (TeamViewer©, 2013).2.4. Sampling and analysis of feed samples
One sample of the TMR and of the concentrates was
taken during each of the measurement periods. Immediatelyafter collection, the samples were stored in a freezer. Before
laboratory analysis, the three fractions of the same sample
were mixed together to make a composite sample. All of the
TMR samples were dried at 65 1C and the concentrates at
103 1C to determine the dry matter percentage. Crude fibre
was determined according to EU (2009b) and crude ash at
550 1C according to EU (2009a). Neutral detergent fibre
(NDF) was determined following ISO-16472 (2006) where
heat stable amylase and ash correction were considered and
EFOS through FO-19 (2005). Acid detergent fibre and acid
detergent lignin was determined according to ISO-13906
(2008). Crude protein and rate of degradation of protein
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Licitra et al. (1996). Crude fat was determined following ISO-
11085 (2008) using petroleum ether. Enzymatic method
(ISO-15914, 2004) was followed to determine the amount
of starch whereas the titration method (EU, 2009c) was
followed to determine the amount of sugar.
2.5. Calculations
The data for air composition was matched with the cow
identification numbers and data for entrance and exit
times of the individual cows into the AMS by using the
time recorded in a computer connected to the AMS. All
calculations regarding CH4 and CO2 emissions from cows
were done according to the CO2-method (Madsen et al.,
2010). The stable concentrations of CO2 (605788.3 ppm)
and CH4 (26710.3 ppm) (mean7SD) obtained from per-
iod 1 were subtracted from the exhaled concentration of
the cows to get the corrected breath concentration of each
sample. After correction, all values of corrected CO2 below
400 ppm were removed in order to avoid the influence of
samples containing a very low concentration of breath. The
ratio between CH4 and CO2 (CH4:CO2) was thereafter
determined. This ratio represents an index of feed gross
energy loss in CH4 as well as a factor for quantifying CH4
from the animals (Madsen and Bertelsen, 2012).
The body weight (BW) (kg) of the animals was deter-
mined according to Remmelink et al. (2011), as shown in
Eq. (1). The dry matter intake (DMI) kg/day of concentrate
was set to the amount allocated on individual and daily
basis. The average TMR intake for the cows in the two
groups was set as the herd average. The individual TMR
intake of the cows was calculated following Eq. (2)
described by Kristensen and Ingvartsen (2003), where
the intake is corrected according to the amount of con-
centrate allocated and the parity of the individual cows.
The individual total dry matter intake (TDMI) was calcu-
lated by adding the individually allocated concentrate dry
matter intake (CDMI) to individually calculated TMR dry
matter intake (TMRDMI). The heat production (HP) watt of
the cows was calculated following Eq. (3), described by
CIGR (2002). The excretion of CO2 (L/day) was calculated
according to Pedersen et al. (2008), as shown in Eq. (4).
The amount of methane (g/day) was calculated as
described by Madsen et al. (2010) using Eq. (5). Energy
corrected milk (ECM) (kg) was calculated following the
Eq. (6) described by Sjaunja et al. (1991).
BWðkgÞ ¼ 0:000275 Breast size in cm2:76 ð1Þ
TMRDMI
kg
day
 
¼ aþ0:5ðbcÞþd ð2Þ
HPðwattÞ ¼ 5:6
 BW0:75 þfðY  22Þþð1:6 105  P3Þg ð3Þ
CO2ðL=dayÞ ¼HPU  180 24 ð4Þ
CH4ðg=dayÞ ¼ CO2 
CH4
CO2
 0:714 ð5ÞECM ðkgÞ ¼ Y
 ð0:383milk f atþ0:242
milk proteinþ0:7832Þ=3:14 ð6Þ
where
a is the measured average TMR intake;
b is the measured average concentrate intake;
c is the allocated concentrate intake of the individual
cows during the experimental periods;
d is the correction factor for the lactation number:
d¼1.61 was considered for first lactation and d¼0.39
for the second and subsequent lactations;
HP is heat production from the animals;
BW0.75 is metabolic body weight of the animals;
Y is Milk yield of cow kg/day
P is days of pregnancy
HPU¼Heat producing unit ðHP=1000Þ;
180¼L of CO2/HPU/h;
ECM¼Energy corrected milk.
2.6. Statistical analyses
Statistical analyses were performed using the software
R (R Development Core Team, 2013). The data were fitted
using mixed models using the lme function from the
package nlme (Bates and Sarkar, 2009).
The analyses focused on making inference about the
effect of the concentrates (MELK and VEM) and about the
length of the treatment for changes in levels of CH4
(g/day), CH4:CO2, CH4 (g/kg DMI) and CH4 (g/kg ECM).
Therefore all periods 1, 2 and 3 were included in the
analysis. For all of the response variables an average data
per cow and per day were used. Group, period of measure-
ment, the interaction groupperiod, BW, DMI, ECM and
lactation numbers were included as fixed effects in the
primary model. Both cow number and day of measure-
ment were included as random effects. Different serial
correlation structures were tested for the effect of day. The
final model was confirmed by stepwise removing of the
non-significant variables. Model validation was performed
using analysis of variance (ANOVA) on the Akaike Informa-
tion Criterion. Model residuals were checked for normality
and homoscedasticity by visual inspection, qqplots and
Bartlett test. The final model was:
yijk ¼ μþαiþβjþXγijkþYθijkþCkþεijk; ð7Þ
where yijk is the response variable y¼{CH4 g/day, CH4:
CO2, CH4 g/kg DMI, CH4 g/kg ECM} of i group, for period
j and cow k and μ is the overall mean. The fixed effects are
the group αi with i¼{MELK, VEM}, the period βj with j¼
{period 1, period 2, period 3}, the ECM (kg) for cow k, Xγijk,
and the BW for cow k, Yθijk; Ck is the random effect of cow
k and εjkl is the residual errors. Even though only ECM was
significant, BW was included since it has a direct influence
on CO2 production. Group and period were also included
since both of them are of interest for this study. The least
square means (LSM) were extracted from the model by
using the package lsmeans as described by Russell (2013).
Multiple comparison was done using Tukey's pairwise
Table 3
Average body weight, milk production (corrected and uncorrected), TMR
and concentrate intake of cows per day; n is the number of observations.
Parameters MELK [mean (SE)] VEM [mean (SE)] n
BW (kg) 647 (19.2) 674 (15.9) 18
Milk production
(kg/day)
31.8 (0.56) 31.6 (0.54) 270
ECM (kg/day) 33.1 (0.48) 33.7 (0.51) 270
TMRDMI (kg/day) 18.7 (0.06) 18.7 (0.06) 270
CDMI (kg/day) 4.5 (0.12) 4.8 (0.12) 270
TDMI (kg/day) 23.2 (0.14) 23.5 (0.14) 270
SE¼standard error.
BW¼body weight.
ECM¼energy-corrected milk.
TMRDMI¼total mixed ration dry matter intake.
CDMI¼concentrate dry matter intake.
TDMI¼total dry matter intake.
visit 1 visit 2 visit 3
800
2000
3200
4400
5600
6800
8000
9200
10400
11600
12800
14000
15200
16400
CO2, in ppm
Fig. 1. Individual observations of CO2 (ppm) concentration in analysed air
from three visits of a cow from group VEM during period 1.
visit 1 visit 2 visit 3
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
CH4:CO2
Fig. 2. Individual values of the calculated CH4:CO2 ratio corresponding to
the measurements from Fig. 1.
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package (Hothorn et al., 2008). One way ANOVA were
carried out to get the model P values. Finally, using the
information from this study, precision based power calcu-
lation was performed in order to estimate the minimum
mean difference that indicates a significant effect between
groups, according to the number of observations (Pandis et
al., 2011).
3. Results
3.1. Dry matter intake and milk production
Data for BW, milk production, DMI for TMR and con-
centrates are shown in Table 3. Total DMI were 23.2
(SE¼0.08) and 23.5 (SE¼0.08) kg/day in MELK and VEM
respectively, with individual cows values ranging from
21.5 to 25.6 kg/day. There was a large variation among
the cows in milk production and consequently concentrate
dry matter intake, as the amount of concentrate was
supplied according to individual milk production.
3.2. CH4:CO2 ratio and methane emission
Measurements of air composition were performed in
the AMS every 20 s throughout the entire experimental
period. The frequent air analysis was done in order to get
ample data for the best possible estimation of CH4 produc-
tion as the individual observations of breath sample
analysis show large variation from each other. Fig. 1
illustrates the variation in concentration of breath in the
analysed air sample by showing the concentration of CO2
in 52 measurements of air for a single cow during three
visits. Likewise the variation in the corrected CH4:CO2 ratio
for the same 52 observations is shown in Fig. 2. There is
still a variation between samples and this can be ascribed
to the different concentrations of CH4 in the breath. All
exhaled air from the cows contains CH4 and the high
values of more than 0.2 indicate that the CH4:CO2 ratio can
get close to the ratio in the rumen.Results of the mixed models (Table 4) indicate that
there was no significant difference in the effect of supple-
mentation of the two concentrates on the CH4 production
(P¼0.97). The difference between the three periods was
also non-significant (P¼0.49). In addition, about 43% of
the random variation in CH4 (g/day) production is due to
the individual cow effect, the rest being due to the
variation between measurements. Results for the ratio
CH4:CO2 also indicate that both the effects of the group
(P¼0.75) and period (P¼0.62) are non-significant. In order
to visualize the day to day variation, the arithmetic mean
of CH4:CO2 and of CH4 production (g/day) in the two
groups and over the three periods are shown in Fig. 3.
The methane production per cow increased with
increased ECM as a result of the higher DM intake with
increased milk production. The coefficient for ECM
(Po0.001) from the mixed model indicates an incremen-
tal emission of methane of 6.1 g/kg increase in ECM. As the
concentrate is fed according to milk yield, the difference of
ingested starch content is smaller for low yielding cows
and larger for high yielding cows. Therefore, a different
effect on low and high yielding cows could be expected in
the current study.
Scatterplots of CH4 production (g/day) according to
ECM is shown in Fig. 4. A simple linear regression using
average CH4 release (g/day) showed very similar slopes in
two groups during period 1, where both groups got the
Table 4
Least square means (LSM) of CH4:CO2 and CH4 production g/day, g/kg DMI and g/kg ECM.
CH4:CO2 ratio [LSM (SE)] CH4 g/day [LSM (SE)] CH4 g/kg feed DMI [LSM (SE)] CH4 g/kg ECM [LSM (SE)]
MELK
Period 1 0.0993 (0.00435) 444 (19.5) 19.0 (0.98) 13.8 (0.78)
Period 2 0.1001 (0.00436) 449 (19.5) 19.9 (0.98) 14.0 (0.78)
Period 3 0.0997 (0.00436) 450 (19.5) 19.6 (0.98) 14.1 (0.78)
Meana 0.1000 (0.00405) 447 (18.2) 19.6 (0.98) 14.2 (0.70)
VEM
Period 1 0.0987 (0.00436) 436 (19.6) 18.1 (0.84) 13.5 (0.78)
Period 2 0.0995 (0.00436) 442 (19.5) 19.0 (0.98) 13.7 (0.78)
Period 3 0.0991 (0.00436) 442 (19.5) 18.7 (0.98) 13.8 (0.78)
Meana 0.0993 (0.00405) 438 (18.2) 18.7 (0.84) 13.9 (0.70)
SE¼standard error.
ECM¼energy corrected milk.
DMI¼dry matter intake.
a Mean values considering both periods 2 and 3.
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Based on the linear regression, in periods 2 and 3 when
two groups were either MELK or VEM (100%), a tendency is
shown between the groups (P¼0.07 for both subsets of
period 2 and 3). The VEM group tended to show a sharper
slope than the MELK group. This supports the hypothe-
sized highest effect of a high starch concentration in the
concentrate on lowering CH4 when feeding the highest
amount of concentrate.
3.3. Precision of the CH4 estimates
Table 5 reports the results of precision based power
calculations for CH4 production (g/day) using the results
SD¼74 based on the mean values per cow per day from
the present experimental conditions. The results indicate
that in order to get a significant difference at 5% level, the
minimum mean difference of CH4 (g/day) between the
groups should be at least740, 28 and 23 equivalent to a 9,
6 and 5% for 5, 10 and 15 days of measurement, respec-
tively, with 18 cows per group.
4. Discussion
4.1. Breath sample measurement
The air samples analysed are influenced by the con-
centration of breath in the air samples as the position of
the nose of the cows in relation to the inlet filter varies.
Most samples have a CO2 concentration of between 5000
and 10,000 ppm which shows that samples contain
between 10 and 30% of breath considering that the average
concentration of CO2 in breath typically ranges between
30,000 and 50,000 ppm (Elliott-Martin et al., 1997; Smith
et al., 2009). When calculating the corrected CH4:CO2 ratio
after subtracting the concentration of CH4 and CO2 in the
surrounding air, the variation due to the position of
the nose in relation to the inlet filter is removed. Part of
the variation in the CH4:CO2 ratio is also caused by the
proportion of the ruminal fermentation gases and gases
from normal breathing. This variation requires severalmeasurements to obtain a reliable mean value. A recent
large scale study for breeding purposes describes that
more than 3 days measurement is expensive and imprac-
tical for getting better estimation of the CH4:CO2 ratio
(Lassen et al., 2012). Furthermore, Madsen et al. (2010)
mentioned that about 2–3% of breath in the analysed air
sample is sufficient to get a precise estimation of CH4
production. The latter also indicate that it is sufficient to
get a relative diluted breath to get a reliable determination
of the CH4:CO2 ratio.
4.2. Methane production
As described by Hindrichsen et al. (2004), the mode of
fermentation of starch and sugar and their end products
indicate that there should be a lower CH4 production in
the MELK group. In the current study, there was a
tendency observed that the cows receiving the highest
amount of MELK concentrate (high starch) produced less
CH4 (g/day). Nevertheless, no significant differences were
found in CH4 output between the groups. The reason for
the absence of reduced CH4 production in the MELK group
is probably due to the very limited change in the total
carbohydrate composition of the diet. As seen in Table 6
the starch content that was expected to be lowered the
CH4 output was four times as high in the MELK concen-
trate as in the VEM concentrate. When calculated on the
total diet basis (concentrateþTMR) the total starch con-
tent increases only with 25%. The starch proportion of the
total potential digestible carbohydrates (sugar, starch and
NDF) is 21.7% in VEM to 27.5% in MELK. It can therefore be
assumed that only 5.8% increase in the starch content of
the total diet has not been enough to change the CH4
emission. Similar effects have been presented by Aguerre
et al. (2011) where dietary starch content was reduced by
increasing fibre concentration in the diet of dairy cows. Mc
Geough et al. (2010) reported a decreased CH4 (g/kg DMI)
emission in beef cows with increased amount of starch
feeding through whole-crop wheat silages. In the same
line, Hassanat et al. (2013) reported a reduced methane
emission in dairy cows by supplementing 30% starch
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Fig. 3. Daily averages (7SE) of CH4:CO2 ratio and CH4 production (g/day) for the MELK and VEM groups for the 15 days measurement period. Each period
has a different shade of grey and average per period is indicated in brackets. The horizontal axis indicates the experimental day.
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found by increasing starch from 17–27% starch through
supplementation of 0–50% corn silage. As mentioned ear-
lier, in the current study only 25% increase in starch (on
total ration basis) resulted in no effect on CH4 (g/day)
reduction, which is in accordance with Hassanat et al.
(2013). The latter suggested that the methane reduction
effect of starch is linked with acidic ruminal environment
due to low pH (o6.0) and with the shift of the volatile
fatty acid pattern toward proportionally more propionate
and less acetate and butyrate. Furthermore, Fahey and
Berger (1988) pointed out starch as the most propionate
producer in rumen fermentation than any other carbohy-
drates. In the present study, the supplemented amount of
starch through concentrate in AMS was certainly too low
to show a response on changing rumen environment with
increase propionate proportion and consequently CH4
reduction. Besides, supplying diet containing high quan-
tities of starch via grain or cereal forages has been
proposed as a mean of methane reduction (Beauchemin
et al., 2008). The current study made a similar effort to
reduce methane by increasing the amount of starch.
However, it appears that an inapt way was chosen to
supplement starch through concentrate in AMS. Feeding
starch through TMR could have been more effective to
visualize the methane reduction effect.
4.3. Precision of the CH4 estimates
The CO2-method used in the experiment is relatively
newly developed (Madsen et al., 2010). It offersopportunities to get measurements from many animals
within
a short time, which is an advantage in many situations.
A large number of animals is typically required for breed-
ing experiments (Lassen et al., 2012). Furthermore,
increasing the number of individuals can improve the
precision of CH4 measurement for feeding experiments.
When comparing the effect of different diets on groups
of cows, it is of uttermost importance that the precision of
the estimates are high whereas the level (or accuracy) is of
less importance to validate the effect of diets or treatments.
Danielsson et al. (2012) showed a large individual
variation between cows using the SF6 method. The varia-
tion of CH4 ranges from 12.3 to 21.8 for one diet, and from
11.8 to 25.7 (g/kg DMI) for another diet, for averages based
on a five days measurement period. To reduce this varia-
tion would require increasing the number of animals or
days of measurement. In this study, the individual cow
variation of CH4 (g/kg DMI), based on the 15 days experi-
mental period ranged from 17.0 to 23.0 in the MELK group
and from 14.0 to 21.6 for VEM group. The individual
variation of CH4 production was highlighted as most
important by Grainger et al. (2007) and has also been seen
in own experiment (Haque et. al., 2014, unpublished data).
The shown variation in the CH4:CO2 ratio and the
estimated daily CH4 output are assumed to be related to
the time of the day the cows visit the AMS. Moreover, the
time of the day when they have eaten TMR may influence
the actual CH4 production.
In this study, the resulted least square means difference
of CH4 (g/day) between groups (Table 4) was about 8,
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Fig. 4. Linear regression of CH4 production (g/day) for cows of MELK and
VEM groups in the three periods of measurement.
Table 5
Expected mean difference in methane production (g/day) according to
the number of observations (cowsdays) per group in order to get a
significant difference between the groups at a 0.05 level of significance
and a power of 95%.
Number
of cows
Days of
measurement
Expected mean
differencea
Expected mean
differenceb (%)
18 1 89 20
18 5 40 9
18 10 28 6
18 15 23 5
a Calculated from d¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f ðα; βÞ f2 SD2g=n
q
. Where α¼significance
level, β¼Power, f ðα; βÞ¼13.0 at 5% level of significance for a power of
95%. SD¼standard deviation of the response (74) and n¼number of
observations per group.
b Calculated considering a mean values 442, for periods 2 and 3 (see
Table 4).
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considering both period 2 and 3 (10 days in total). At the
light of the findings of precision-based power calculation,
the results show no significant difference was obtained
between groups. In order to improve the precision of CH4
quantification, more individuals or measurements for a
longer period of time is needed.
4.4. Accuracy of the methane production
For an experiment as the present, another aspect is
whether the estimates are accurate, i.e. whether they give
values of the right magnitude. The accuracy is also influ-
enced by the accuracy of the calculated CO2 production.The formula used is based on the work of an international
commission of agriculture (CIGR, 2002) and of Pedersen
et al. (2008), and is considered reasonably accurate and
the best available. Comparing the results of this experi-
ment with recently published studies using the SF6 (O'Neill
et al., 2011; Danielsson et al., 2012) and chambers methods
(Aguerre et al., 2011; van Zijderveld et al., 2011) indicate
comparable magnitude and associated precision of CH4
emission (g/kg DMI). In this study, the emissions range
from 18.7–19.6 (MELK–VEM), whereas the other studies
report values ranging from 16.9 (Danielsson et al., 2012) to
25.9 (Aguerre et al., 2011) g/kg DMI. The corresponding
SEM for CH4 (g/kg DMI) reported for the chamber experi-
ments are 0.65 (van Zijderveld et al., 2011) and 1.21
(Aguerre et al., 2011); for the SF6, the values are 0.57
(O'Neill et al., 2011) and 2.9 (Danielsson et al., 2012; only
SED was reported). The value reported in the present study
(0.84 for 10 days measurement) indicates that the CO2-
method is as precise as the other methods and produces
results of the same magnitude. In O'Neill et al. (2011), for
which the SEM is the lowest, it should be noted that the
number of individuals per group (n¼24; 10 days measure-
ments) was larger than in the present study (n¼18; 10
days measurements).
As high yielding cows have a lower emission of CH4 per
kg milk, lowering the marginal emission may also be an
objective in itself. Tamminga et al. (2007) made a predic-
tion of the expected CH4 production per kg milk at
different levels of milk production. At the milk production
level corresponding to the cows of this study (33.5 kg/day)
the predicted CH4 production was 12.8 g/kg ECM. In this
respect, the CH4 production reported in this study, ranging
from 13.9 to 14.2 g/kg ECM (Table 4) can be considered
estimated with an acceptable accuracy.
5. Conclusions
This study showed no effect of changing the composi-
tion of concentrate fed in AMS to higher starch content
and less fibre and sugar on the methane output. The
absence of hypothesized reduction in the CH4 (g/day)
release is most likely due to the small proportion of dry
matter consumed from the allocated concentrate in the AMS,
Table 6
Average carbohydrate intake of the diets, kg DM/cow/day.
MELK VEM Change (%) in nutrient, VEM to MELK
Total TMR Concentrate Total TMR Concentrate Total Concentrate
Sugar 2.8 2.4 0.4 3.1 2.4 0.7 10 43
Starch 6.4 4.7 1.7 5.1 4.7 0.4 þ25 þ325
NDF 19.8 18.6 1.2 20.5 18.6 1.9 3 37
Total DM 23.2 23.5
% Starch in DM 27.5 21.7 þ5.8
TMR¼total mixed ration.
NDF¼neutral detergent fibre.
M.N. Haque et al. / Livestock Science 164 (2014) 57–66 65which is scanty in relation to the dry matter intake from the
TMR. To obtain an effect on CH4 yield by dietary manipula-
tion with carbohydrate composition, it is recommended to
change the composition of the TMR part of the diet, as this
can result in a greater change in the composition of the total
carbohydrate intake. The results from the used CO2-method
illustrate that higher precision can be obtained by either
having more cows in the experiment or by measuring for a
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